Introduction {#sec1}
============

Traditional kava is an aqueous extract of the roots of *Piper methysticum* and serves as a ceremonious and daily beverage or an herbal remedy for South Pacific islanders.^[@ref1]^ Kava had also been used clinically to treat mild and moderate anxiety, based on results of numerous clinical trials.^[@ref2]−[@ref5]^ Anxiolytic kava was typically prepared as an organic extract of kava root with ethanol or acetone, instead of the traditional aqueous preparation. Anxiolytic kava had been banned in Europe and a few other countries since 2002 because of its risk to induce hepatotoxicity, and it is listed on the USA FDA advisory board,^[@ref6],[@ref7]^ but Germany's Federal Administrative Court negated the ban in June 2014.^[@ref8]^

Various causes have been proposed for kava's hepatotoxic risk, but none have been validated so far. First of all, in response to high demand, anxiolytic kava may have included nonroot toxic plant parts.^[@ref9]^ It has also been postulated that some kava roots were not properly dried, resulting in hepatotoxin contamination.^[@ref10]^ Usage of nontraditional cultivars could be another cause; different kava cultivars have diverse chemical profiles while traditional kava is prepared from only a few of them.^[@ref10],[@ref11]^ Due to preparation difference, traditional and anxiolytic kavas have distinct composition profiles,^[@ref12],[@ref13]^ which may impose different hepatotoxic risks as well. Furthermore, ∼90% of the purported hepatotoxic cases associated with kava usage involved concomitant consumption of other drugs or dietary supplements,^[@ref14],[@ref15]^ suggesting that kava's hepatotoxic risk may be mediated via herb--herb or herb--drug interactions.

In addition to kava's anxiolytic benefit, one epidemiological survey suggested that traditional kava usage may be able to reduce cancer risk,^[@ref16]^ which was supported by results from several laboratory animal tumorigenesis models.^[@ref13],[@ref17]−[@ref21]^ Moreover, despite its ban and being on USA FDA's advisory list, kava consumption has experienced a global resurgence based on the amount of kava exported from the major kava producing nations (The Republic of Vanuatu, Fiji, and Tonga) between 2008 and 2013.^[@ref22]^ With the recent overturn of the kava ban in Germany, its usage is expected to increase further globally. Our recent metabolomics and cellular cytotoxicity analyses of an array of current commercial kava products revealed that they were diverse in chemical profile and cellular cytotoxicity,^[@ref22]^ and likely distinct in their health benefit and risk.

Considering the increasing human exposure and the diverse chemical composition of current kava products, the hepatotoxic risk of kava needs to be clarified and the responsible chemicals need to be identified, which is the focus of this study. Our results showed that kava was safe when given alone but significantly enhanced acetaminophen (APAP)-induced hepatotoxicity in C57BL/6 mice. Chalcone-based flavokawains A (FKA) and B (FKB) recapitulated kava's potentiation of APAP-induced hepatotoxicity while dihydromethysticin (DHM) lacked such a risk.

Materials and Methods {#sec2}
=====================

Chemicals and reagents {#sec2.1}
----------------------

An ethanolic extract of the wild crafted kava root from Vanuatu was purchased from Gaia Herbs, Inc. (Brevard, NC, standardized to 150 mg/mL total kavalactones). DHM was purified from this kava product using normal phase silica gel chromatography as described earlier.^[@ref21]^ FKA and FKB were synthesized and characterized following an established procedure.^[@ref17]^ Kava and all compounds were completely dried under vacuum to remove any solvent residue. APAP was purchased from Sigma-Aldrich (MO, St. Louis). The desired drug formulations were prepared by mixing kava or pure compounds with PEG-400 and stored at 4 °C until use.

Animal study design {#sec2.2}
-------------------

All animal studies were performed in compliance with the Institutional Animal Care and Use Committee at the University of Minnesota guidelines. Six-week-old female C57BL/6J mice (Jackson Laboratories, ME) were housed at specific pathogen-free animal facilities of Research Animal Resources, University of Minnesota, with free access to standard rodent food and water. All mice were acclimatized for 1 week before being used for experiments. Mice were gavaged with dose formulations at the indicated doses and times, and euthanized by CO~2~ overdosing with necropsy performed by experienced researchers.

The long-term study was designed to evaluate the hepatotoxicity of kava alone. C57BL/6 mice were randomized (*n* = 4). Mice in the control group were given PEG-400 (200 μL) on a daily basis via gavage, 6 days a week, for 14 weeks. Mice in the kava treatment group were given kava at a dose of 500 mg/kg bodyweight on a daily basis via gavage, 6 days a week, for 14 weeks. The chosen kava dose was based on the recent safety studies of another kava product performed by the National Toxicology Program.^[@ref23]^ Mouse bodyweight was measured once a week. Upon necropsy, final bodyweight was measured and serum from each mouse was analyzed for alanine aminotransferase (ALT) and aspartate aminotransferase (AST), two major biomarkers of liver function.

The short-term combination studies were designed to evaluate the potential synergism of kava and its chemicals to APAP-induced hepatotoxicity. C57BL/6 mice were randomized (8--15 mice per group) and were administered with PEG-400 (200 μL), kava (500 mg/kg bodyweight), DHM or FKA, and FKB in PEG-400 (200 μL) at the indicated doses daily via oral gavage for 2 days. On the third day, mice in the respective groups were coadministered with APAP (800 mg/kg bodyweight) in PEG-400 (200 μL). Bodyweight was recorded daily. Necropsies were performed 24 h after the last gavage by experienced researchers. Serum from each mouse was analyzed for ALT and AST. Livers were collected and preserved in 10% neutral buffered formalin. Appropriately fixed tissues were processed into paraffin blocks using standard histological techniques, and 5 μm sections were cut and stained with hematoxylin and eosin (H&E). Histological slides were examined using light microscopy by an experienced A.C.V.P board certified pathologist (M.G.O'S.) under blinded conditions, with liver lesions graded on a 0 to 4 scale based on the extent of necrosis (0 = absent, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe).

Statistical analysis {#sec2.3}
--------------------

The clinical chemistry data were reported as mean ± SD (*n* = 4--15). For the long-term kava alone study, the two-tailed Student *t*-test was used to compare the means between the control and treatment groups. *p*-value ≤ 0.05 was considered statistically significant. One-way analysis of variance (ANOVA) was used to compare the means among different groups in the short term combination studies. Dunnett's test was used for comparisons of APAP and other treatment groups when the one-way ANOVA analysis was statistically significant. *p*-value ≤0.05 was considered statistically significant. All analyses were conducted in GraphPad Prism 4 (GraphPad Software, Inc. La Jolla, CA).

Results {#sec3}
=======

Kava alone did not affect mouse growth and induced no signs of hepatotoxicity {#sec3.1}
-----------------------------------------------------------------------------

At the tested dose (500 mg/kg bodyweight), daily kava treatment did not affect mouse growth (data not shown). There were also no statistically or biologically significant differences between control and kava-treated mice with respect to ALT and AST (Figure [1](#fig1){ref-type="fig"}A and [1](#fig1){ref-type="fig"}B).

![Effect of 14-week daily kava treatment (500 mg/kg bodyweight) via gavage on mouse serum ALT (A) and AST (B). *p* values were given with comparison between the control group (*n* = 4) and the kava treatment group (*n* = 4) using the two-tailed Student *t*-test.](tx-2014-003194_0002){#fig1}

Kava enhanced APAP-induced hepatotoxicity in C57BL/6 mice {#sec3.2}
---------------------------------------------------------

Since ∼90% of the human kava hepatotoxic cases involved concurrent consumption of other medications or dietary supplements,^[@ref14],[@ref15]^ herb--drug interactions may contribute to kava's hepatotoxic risk. Based on this and on a recent report that kava enhanced the toxicity of APAP *in vitro*,^[@ref24]^ this study was designed to evaluate the effect of kava on APAP-induced hepatotoxicity *in vivo*. The treatment regimen was designed to mimic potential scenarios in humans---kava was consumed on a daily basis while APAP was used occasionally. As expected, kava treatment alone had no effect on ALT and AST while APAP treatment significantly increased serum ALT and AST activities (Figure [2](#fig2){ref-type="fig"}A). Kava and APAP combination caused further increase in serum ALT and AST activities (∼3-fold increase relative to APAP alone, Figure [2](#fig2){ref-type="fig"}A), and these increases were statistically significant in comparison to APAP treatment alone. Histopathological analyses of the liver tissues revealed no lesions in control and kava treated mice (Figure [2](#fig2){ref-type="fig"}B), confirming the lack of hepatotoxicity by kava treatment alone. The lesions from APAP-treated mice evenly distributed among different severity categories (0 being no lesion and 4 being the highest grade lesion) while kava and APAP combination markedly increased the number of mice with the highest liver lesion (Figure [2](#fig2){ref-type="fig"}B), supporting the notion that the increases in ALT and AST activities were biologically significant. These clinical chemistry data and histopathological findings for the first time demonstrate that kava enhanced APAP-induced hepatotoxicity *in vivo*, and may reflect the purported kava hepatotoxicity cases in humans. The histopathological lesion severity also nicely correlated positively with the clinical chemistry results (Figure [2](#fig2){ref-type="fig"}C). Therefore, only clinical chemistry was performed in subsequent studies.

![Effect of 3-day daily kava treatment (500 mg/kg bodyweight) via gavage on mouse serum ALT and AST and liver lesions with/without APAP treatment (800 mg/kg bodyweight) via gavage. (A) Serum ALT and AST. (B) The number of mice with different grades of liver lesions. (C) The relationships among serum ALT, AST, and the grades of liver lesions. For A, comparisons were made with the APAP treatment group by Dunnett's test when ONE-WAY ANOVA was statistically significant (*n* = 8--15).](tx-2014-003194_0003){#fig2}

DHM did not potentiate APAP-induced ALT and AST while FKB increased both {#sec3.3}
------------------------------------------------------------------------

This experiment was designed to explore the potential of DHM and FKB (Figure [3](#fig3){ref-type="fig"}) to synergize the hepatotoxicity of APAP following the same kava and APAP cotreatment regimen. Thirteen chemicals have been isolated and quantified from the kava product used in this study with no detection of pipermethystine.^[@ref13]^ DHM and FKB were selected for this initial evaluation because they are representatives of kavalactones and chalcones, respectively, two major classes of chemicals in kava. In addition DHM has been recently demonstrated to potently and effectively block NNK-induced lung tumorigenesis in mice^[@ref13]^ while FKB has been identified as the most cytotoxic compound in kava to various cancerous cells.^[@ref12],[@ref25]^ The dosages for DHM (37.5 mg/kg) and FKB (11.5 mg/kg) were based on their abundance (7.5% and 2.3%, respectively) in this kava product at a dose of 500 mg/kg.^[@ref13]^ DHM and FKB individually caused no effect on serum ALT and AST (Figure [4](#fig4){ref-type="fig"}). DHM had no effect on serum ALT and AST as well when combined with APAP (Figure [4](#fig4){ref-type="fig"}). FKB on the other hand when combined with APAP moderately increased the serum levels of ALT and AST, and the increase in AST was statistically significant (Figure [4](#fig4){ref-type="fig"}), suggesting that FKB contributes to kava's potentiation of APAP-induced hepatotoxicity.

![Chemical structures of flavokawains A and B, and dihydromethysticin.](tx-2014-003194_0004){#fig3}

![Effect of 3-day daily DHM (37.5 mg/kg) or FKB (11.5 mg/kg) via gavage on mouse serum ALT and AST with/without APAP treatment. Comparisons were made with the APAP treatment group by Dunnett's test when ONE-WAY ANOVA was statistically significant (*n* = 6--15).](tx-2014-003194_0005){#fig4}

The combination of flavokawain A (FKA) and FKB dose-dependently enhanced APAP-induced hepatotoxicity {#sec3.4}
----------------------------------------------------------------------------------------------------

Given that the kava product used in this study contains flavokawain A (FKA) of similar abundance as FKB (Figure [3](#fig3){ref-type="fig"}), this experiment was designed to evaluate the dose--response effect of FKA and FKB together on APAP's hepatotoxicity following the same treatment regimen. The final dosages of FKA and FKB were 1, 2, and 4 times their abundance (1.6% and 2.3%, respectively) of a kava dose at 500 mg/kg bodyweight. FKA and FKB together did not induce any changes on serum ALT and AST at the three tested dosages (Figure [5](#fig5){ref-type="fig"}A and B). When combined with APAP, FKA and FKB dose-dependently potentiated the increase in ALT and AST induced by APAP (Figure [5](#fig5){ref-type="fig"}A and B). Of note, one mouse with the treatment of the highest dose of FKA and FKB in combination with APAP died ∼0.5--2 h before necropsy (i.e., 22 to 23.5 h after the combined dose of APAP with FKA and FKB). This was the only mouse among all the studies that died before necropsy. Its serum ALT and AST levels were the highest among all mice (Figure [5](#fig5){ref-type="fig"}C), and 2--3 times higher than the next highest values. Histopathological examination revealed multifocal and coalescing acute centrilobular necrosis in the liver of this mouse (Figure [5](#fig5){ref-type="fig"}D, panel B), whereas livers from a control mouse (Figure [5](#fig5){ref-type="fig"}D, panel A) and a mouse treated with FKA and FKB alone (not shown) were histologically within normal limits. These data suggest that severe hepatotoxicity likely contributed to its early death.

![Dose--response effect of 3-day daily FKA and FKB via gavage on mouse serum ALT and AST and livers with/without APAP treatment. (A and B) Serum ALT and AST. Comparisons were made with the APAP treatment group by Dunnett's test when ONE-WAY ANOVA was statistically significant (*n* = 5). (C) Serum level of ALT and AST from the dead mouse in the high-dose FKA and FKB groups with APAP cotreatment. (D) Photomicrographs of H- and E-stained livers from a control mouse (Panel A) and a mouse treated with FKA and FKB plus APAP (Panel B). Note extensive karyorrhexis (arrow) reflecting acute necrosis of hepatocytes (increased eosinophilia) in mouse treated with FKA, FKB, and APAP (Panel B).](tx-2014-003194_0006){#fig5}

Discussion {#sec4}
==========

Kava has demonstrated anxiolytic activity in the clinic and potentially reduces cancer risk in humans. On the other hand, kava usage has been speculated to be associated with rare but severe hepatotoxicity. Various mechanisms have been proposed and different chemicals have been postulated with no confirmation. Given kava's global resurgence and the diverse chemical composition among current kava products, it is urgent and important to recapitulate kava's hepatotoxicity in an *in vivo* model, which can help identify the responsible chemicals and guide the development of strategies to minimize and ideally eradicate such an adverse potential.

The results from this study demonstrated that kava when administered alone via gavage in C57BL/6 mice induced no adverse effect even at a fairly high dose (500 mg/kg bodyweight daily) in a chronic manner, as reflected in mouse growth and serum levels of ALT and AST (Figure [1](#fig1){ref-type="fig"}). These results are consistent with the results from many early studies.^[@ref26]−[@ref29]^ On the other hand, kava significantly potentiated the hepatotoxicity of APAP in C57BL/6 mice, as indicated by the increase in serum ALT and AST, and the increased severity of liver lesions (Figure [2](#fig2){ref-type="fig"}). The treatment regimen was designed to mimic potential circumstances among human kava users that kava would be consumed on a daily basis while other medications, APAP in this case, were used occasionally when needed. Since the majority of kava-associated hepatotoxic cases consumed other medications or dietary supplements concomitantly, the results from this study may have direct indication to the observed hepatotoxicity among kava users. It remains to be determined whether kava usage can potentiate the hepatotoxic risk of other medications or hepatotoxins, such as alcohol consumption. It also remains to be determined whether other kava treatment regimens, such as prolonged kava usage or in a fasted stage (recommended for traditional kava usage), may potentiate its hepatotoxic risk even at lower kava dosages.

With the C57BL/6 mouse model that captures kava's hepatotoxic risk *in vivo*, we investigated the potential responsible compound(s). The results demonstrated that a chalcone-based compound in kava, FKB, moderately potentiated APAP's hepatotoxicity while DHM, a representative of kavalactones in kava, lacked such a risk when they were evaluated at a dose equivalent to kava at a dose of 500 mg/kg bodyweight (Figure [4](#fig4){ref-type="fig"}). As the kava product contains FKA, an analog of FKB, at similar abundance, the combination of FKA and FKB was evaluated, which dose-dependently enhanced APAP-induced hepatotoxicity (Figure [5](#fig5){ref-type="fig"}). Indeed, the one mouse that died early, and which had the highest ALT and AST levels (Figure [5](#fig5){ref-type="fig"}C), reflecting extensive acute hepatocellular necrosis (Figure [5](#fig5){ref-type="fig"}D, panel B), was in the APAP cotreatment group at the highest dose of FKA and FKB. These data overall indicate that FKA and FKB are the responsible compounds in kava that potentiate APAP-induced hepatotoxicity while DHM is free of this risk. Besides FKA and FKB, flavokawain C (FKC) has been reported in other kava products^[@ref11]^ but was not detectable in the kava product used in this study. FKC might be another compound responsible for hepatotoxicity.

Our recent analysis of a set of kava products on the current market demonstrates that the abundance of FKA and FKB can vary ∼20-fold.^[@ref22]^ Similarly, a recent study analyzed the abundance of FKA, FKB, and FKC in different kava cultivars.^[@ref11]^ Cultivars not recommended for traditional use were found to contain higher abundance of FKA, FKB, and FKC than the traditionally consumed cultivars.^[@ref11]^ Further studies therefore are warranted to evaluate whether cultivars or kava products with higher content of FKA, FKB, and FKC would impose a higher hepatotoxic risk. Future studies are also needed to elucidate the molecular mechanisms of the observed hepatotoxicity enhancement, such as the depletion of glutathione.^[@ref30]^ Such knowledge will help guide the preparation of kava products for human use with higher health benefit and minimal adverse effects.
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